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Phase separated perovskite manganites have competing phases with different crystal structures,
magnetic and electronic properties. Hence, strain effects play a critical role in determining the
magnetic properties of manganite thin films. Here we report the effect of anisotropic stress on the
magnetic properties of the phase separated manganite (La0.4Pr0.6)0.67Ca0.33MnO3. Thin films of
(La0.4Pr0.6)0.67Ca0.33MnO3 grown under anisotropic in-plane stress on (110) NdGaO3 substrates
display in-plane mangetic anisotropy and single domain to multidomain transition as a function
of temperature. Angle dependent magnetization measurements also show that the magnetization
reversal occurs mainly through the nucleation & propagation mechanism. By comparing the results
with (La0.4Pr0.6)0.67Ca0.33MnO3 thin films grown on (001) SrLaGaO4 substrates, we have confirmed
that the magnetic anisotropy is mainly due to substrate induced anisotropic stress. Our results
suggest novel avenues for storing magnetic information in nanoscale magnetic media.
I. INTRODUCTION
The coupling between structure, transport, and mag-
netism in hole-doped manganites leads to phenomena
such as, colossal magnetoresistance (CMR), colossal
electroresistance (CER), photo-induced metal-insulator
transition, and colossal piezoresistance (CPR)1–5. While
these properties could lead to future applications in de-
vices such as bolometers and cryogenic memories, man-
ganites are already providing a unique insight into the
effect of competing phases on the physical properties of
materials6,7. It is now widely accepted that phenom-
ena such as CMR are consequences of the competition
among different phases with similar free energy. Such
competition leads to phase coexistence among three dis-
tinct phases, viz. cubic ferromagnetic metallic (FMM),
pseudo-tetragonal (more precisely orthorhombic) antifer-
romagnetic charge ordered insulating (AFM-COI), and
pseudo-cubic paramagnetic insulating (PMI) phases, in
materials such as (La1−yPry)1−xCaxMnO3
8–10. In ad-
dition to well-known effects such as CMR and CER, the
coexistence of the three magnetic phases also leads to
unique phenomena such as temperature dependent mag-
netic domain transition and ellipsoidal growth of the
FMM phase, which have been observed using Lorentz
microscopy in very narrow temperature ranges11. Due
to the same coupling between crystal structure, trans-
port, and magnetism, manganite thin films have shown
properties distinct from bulk behavior such as substrate
strain induced metal-insulator transition and anisotropic
transport due to strain fields from substrates12,13. The
effect of strain on the transport properties of mangan-
ites has been widely studied and it is accepted that
multiphase coexistence and percolation play a signifi-
cant role2,9,10. However, the effect of strain on the
magnetism of phase separated manganites is more sub-
tle and is still being debated. One such problem is
the distinction between intrinsic magnetic properties and
extrinsic effects on magnetic properties of manganite
thin films. For example, when La0.77Ca0.33MnO3 thin
films were grown on single crystalline NdGaO3 sub-
strates, Mathur et al. concluded that the in-plane mag-
netic anisotropy originated not from stress anisotropy
but from magnetocrystalline anisotropy14. Here, we re-
port that substrate induced stress plays an integral role
in determining the magnetic properties of manganite
thin films. We observe that in-plane stress anisotropy
leads to an in-plane magnetic anisotropy and a mag-
netic domain transition as a function of temperature in
phase separated (La1−yPry)1−xCaxMnO3 (x = 0.33 and
y = 0.6) thin films grown on (110) NdGaO3 substrates
with anisotropic in-plane strain. Our data show that
while anisotropic stress has a profound effect on the
magnetism, the in-plane resistivity of the films remains
virtually isotropic. By comparing our results for the
films on anisotropic NGO to those grown on isotropic
(001) SrLaGaO4 (SLGO) substrates, we conclude that
anisotropic strain can be used to control the magnetic
“hardness” i.e. the coercive field in a mixed phase man-
ganite. Such control could play an important role in the
design of nanomagnetic devices.
II. EXPERIMENTAL DETAILS
(La1−yPry)1−xCaxMnO3 (LPCMO, x = 0.33 and y =
0.6) thin films of two different thicknesses (30 nm and 20
nm) were grown on orthorhombic (110) NdGaO3 (NGO)
substrates by pulsed laser deposition (PLD) (KrF, λ =
248 nm). The substrate temperature during growth was
780◦C, O2 partial pressure was 130 mTorr, laser energy
density was about 0.5 J/cm2, and growth rate was kept
at about 0.4 A˚/s. Step flow growth has been consistently
observed under these conditions in the LPCMO thin films
up to 60 nm thickness. The magnetic response reported
in this article was observed in four different films. The
thickness was controlled by deposition time and then con-
firmed by atomic force microscopy15. The lattice mis-
match strains in the two in-plane directions of LPCMO
thin films grown on NGO substrates (LPCMO//NGO)
2are δ11¯0 = 0.49% and δ001 = 0.26% due to different
in-plane lattice parameters of the NGO substrates (d11¯0
= 3.863 A˚, d001 = 3.854 A˚, dLPCMO = 3.844 A˚)
16,17,
where δ(%) ≡
dsubstrate−dfilm
dfilm
×100. We also grew 30-nm-
thick LPCMO thin films on (001) tetragonal SrLaGaO4
(SLGO) substrates (LPCMO//SLGO) using the same
growth parameters given above. Since the substrate in-
duced strain on LPCMO//SLGO thin films is negligible
due to well matched in-plane lattice parameters of SLGO
(d = 3.842 A˚), the films grown on the two different sub-
strates can be used to isolate the effect of anisotropic
strain on the magnetism and transport of LPCMO. The
structure of the films was characterized by conventional
θ−2θ x-ray diffraction using a Philips APD 3720 diffrac-
tometer. Magnetic properties were measured using a
Quantum Design 5 T Superconducting Quantum Inter-
ference Device (SQUID) magnetometer. Since LPCMO
thin films show thermal hysteresis in both magnetic and
transport properties, thermal demagnetization was ex-
ecuted by heating up to 150 K (a temperature higher
than the hysteretic region and the magnetic Curie tem-
perature, TC ≈ 130 K) before each measurement. Field
demagnetization of the superconducting magnet was also
performed at 150 K. For measuring the magnetic moment
as a function of temperature (M(T )), a 100 Oe field was
applied to minimize magnetic field induced phase change
of the LPCMO films18. Two different methods were used
to remove the background paramagnetic signal from the
NGO substrates and obtain the magnetic moments of
LPCMO films. The first method was direct subtraction
for which, magnetic moment as a function of applied field
(M(H)) measurements were carried out at different tem-
peratures for the bare NGO substrates before film depo-
sition. M(T ) was also measured for the same substrates
in a field of 100 Oe. After deposition of the LPCMO films
on the substrates,M(H) andM(T ) curves were acquired
under the same conditions as the background measure-
ments. The M(H) and M(T ) curves of the substrates
were then subtracted from the corresponding M(H) and
M(T ) curves of the film plus substrate to obtain the
magnetic moments of the LPCMO thin films. The sec-
ond method was based on linear background fitting. The
rawM(H) data of LPCMO films have signals both from
the ferromagnetic films and the paramagnetic NGO sub-
strates. Since the paramagnetic signal is linear at low
fields, the background signal can be obtained by fitting
a linear function to the data from 700 Oe to 2000 Oe
(i.e. magnetic fields greater than the coercive field), and
then subtracted from the raw data to obtain the mag-
netic moments of LPCMO films. The linear background
fitting procedure can be used only for the M(H) mea-
surements. Background subtraction was not required for
LPCMO films grown on non-magnetic SLGO substrates.
A Digital Instruments Multimode scanning probe micro-
scope was used in the tapping atomic force microscope
mode to check the surface morphology and thickness of
the thin films15. Resistivity as a function of temperature
(ρ(T )) was measured in a helium cryostat equipped with
a Janis variable temperature insert.
III. RESULTS AND DISCUSSION
A. Structure and Transport
The surfaces of our LPCMO thin films on both NGO
and SLGO substrates are smooth on an atomic scale (in-
sets of Fig. 1(a) and 1(b)). The r.m.s. roughness of
the LPCMO//NGO films is about 2 A˚. The films on
NGO usually show step-flow growth mode with unit cell
step heights as shown for the 20 nm-thick film (inset
of Fig. 1(a)). The step height is about 4 A˚, which
is comparable to the lattice constant of bulk LPCMO.
The r.m.s. roughness of a 30-nm-thick LPCMO//SLGO
film is about 4 A˚ and step-flow growth was not ob-
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FIG. 1. (Color online) (a) Resistivity as a function of tem-
perature (ρ(T )) of a 30-nm-thick (circle) and 20-nm-thick
(square) (La0.4Pr0.6)0.67Ca0.33MnO3 (LPCMO) thin films
grown on (110) NdGaO3 (NGO) substrates. The inset shows
a 2 µm × 2 µm atomic force microscope (AFM) image of a 20-
nm-thick LPCMO thin film grown on NGO. (b) ρ(T ) behav-
ior of a 30-nm-thick LPCMO thin film grown on a SrLaGaO4
(SLGO) substrate. The inset shows a 2 µm × 2 µm AFM
image of a 30-nm-thick LPCMO thin film grown on SLGO.
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FIG. 2. (Color online) θ− 2θ x-ray diffraction patterns of the
30-nm-thick LPCMO thin film grown on an SLGO substrate
(thick line) and the 30-nm-thick LPCMO thin film grown on
an NGO substrate (thin line). The inset shows the low angle
region in detail.
served. Resistivity measurements of the LPCMO//NGO
films show sharp transitions at the insulator-metal tran-
sition temperature (TIM , obtained while cooling) and
metal-insulator transition temperature (TMI , obtained
while warming) whereas, the LPCMO//SLGO thin films
show a more gradual transition and narrower thermal
hysteresis (Fig. 1(b))19. The TMI of the 20-nm-thick
LPCMO//NGO thin film was about 92 K, which is 16
K higher than that of the 30-nm-thick film, while the
TIM are within 4 K (60 K for the 20-nm-thick film and
56 K for the 30-nm-thick film). The large variation
of TMI with thickness is related to the strain-induced
static phase separated (SPS) state at low temperatures
and we are currently performing experiments to study
this effect in detail2. θ − 2θ x-ray diffraction pattern
of the 30-nm-thick LPCMO//NGO film did not show
any individual LPCMO peaks due to the similar lattice
parameters of LPCMO and (110) NGO in the out-of-
plane direction, while the x-ray diffraction pattern of the
LPCMO//SLGO film clearly shows sharp LPCMO peaks
(Fig. 2). Thus, all the LPCMO films were grown with a
single chemical phase and were highly ordered along per-
pendicular direction to the substrate surface. The films
are smooth on an atomic scale and show sharp resistivity
transitions at TIM and TMI .
B. Magnetic properties
Fig. 3 shows M(T ) curves of a 30 nm-thick
LPCMO//NGO thin film, taken under field cooling (FC)
and field cooled warming (FCW) in a field of 100 Oe ap-
plied parallel to the [11¯0] NGO direction. We will show
in subsection D that the [11¯0] NGO direction is the easy
axis for the LPCMO//NGO films. We used the direct
subtraction method to get the pure magnetic moments
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FIG. 3. Magnetic moment as a function of temperature
(M(T )) of the 30-nm-thick LPCMO thin film grown on NGO
under field cooling (FC) (square) and field cooled warming
(FCW) (circle) runs in a 100 Oe field along the [11¯0] NGO
direction. The inset shows M(T ) behavior of the 30-nm-thick
LPCMO film gorwn on SLGO under zero field cooling (ZFC),
field cooling (FC), and field cooled warming (FCW) in an
in-plane 100 Oe field.
of the LPCMO//NGO films. Due to the background
subtraction, the zero field cooled (ZFC) M(T ) data is
accomapnied by a large relative error and hence is not
shown here. The M(T ) behavior is similar to previ-
ous results obtained for bulk LPCMO (x = 0.375 and
y =0.600)20. The paramagnetic to ferromagnetic transi-
tion occurs at approximately 130 K. Although the entire
film does not become ferromagnetic at 130 K since these
films show multiphase coexistence, we define the TC to
be approximately 130 K, at which M becomes a mea-
sureable non-zero value21. While this definition of TC
is not robust, it approximately marks the temperature
at which the ferromagnetic regions are first nucleated.
TheM(T ) graph shows thermal hysteresis in the FC and
FCW runs at similar temperatures where we observed
hysteresis in the ρ(T ) behavior. This hysteresis is due to
the fluid phase separated (FPS) state transforming into
the glassy static phase separated (SPS) state at low tem-
peratures2,18. The magnetic moment saturates below 30
K as the LPCMO//NGO film enters the SPS region. In
the SPS state the FMM regions are frozen in space and
hence the magnetic moment is constant with a reduction
in temperature 2,18. The transition from the FPS to SPS
state also leads to a unique behavior of the coercive field
as a function of temperature to be described in the next
section. M(T ) behavior of the LPCMO//SLGO film is
shown in the inset of Fig. 3, which shows magnetic ther-
mal hysteresis and saturation of the magnetic moment
(0.6 µB/Mn) below 30 K, similar to the LPCMO//NGO
film.
4C. Variation of coercive field with temperature
We will now discuss the effect of anisotropic strain
on the magnetic properties of phase separated man-
ganites. Previous studies have shown that in-plane
anisotropic strain leads to uniaxial magnetic anisotropy
in the plane of the thin film14,22. However, these studies
were performed on purely ferromagnetic manganites. In
a phase separated manganite, we expect that the mag-
netic anisotropy may lead to anomalous behavior of the
submicrometer sized ferromagnetic regions10. Magnetic
hysteresis loops of the thin films were measured in the
zero field cooled (ZFC) state to study the pure unmag-
netized state at each temperature. The magnetic mo-
ments of LPCMO//SLGO films could be directly mea-
sured, since SLGO substrate is non-magnetic. NGO sub-
strates are paramagnetic, which necessitates a careful
background subtraction to obtain the magnetization of
LPCMO//NGO films. The M(H) data were measured
along two in-plane directions of the SLGO substrate, viz.
[100] and [010]. Magnetic hysteresis loops in the two di-
rections show that there is negligible magnetic anisotropy
at all measured temperatures in terms of remanences and
coercive fields as shown in Fig. 4 for T = 50 K. The
significance of these isotropic hysteresis loops will be dis-
cussed in subsection D. The M(H) loops also show that
the remanences are much lower than magnetic moments
at 2 kOe (Fig. 4), which suggests weak interaction among
ferromagnetic regions in the LPCMO//SLGO films23.
Due to the large paramagnetic signals from the NGO
substrates we used two different methods viz., direct sub-
traction and linear background fitting to get ZFC mag-
netic hysteresis loops of the LPCMO//NGO films. The
magnetic field is applied parallel to the [11¯0] direction
of the NGO substrates which is also the magnetic easy
axis of the films on NGO (subsection D). As shown in
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FIG. 4. (Color online) In-plane zero field cooled (ZFC) mag-
netization hysteresis loops of the 30-nm-thick LPCMO thin
film grown on SLGO along the two orthogonal in-plane direc-
tions at 50 K.
Fig. 5, the M(H) loops obtained using direct subtrac-
tion and linear background fitting show similar results.
For example, at 50 K direct subtraction gives a coer-
cive field of 230 ± 4 Oe and a remanence of 2.4 ±
0.1 µB/Mn while linear background fitting gives a co-
ercive field of 230 ± 5 Oe and a remanence of 2.3 ± 0.1
µB/Mn. The two background subtraction methods show
similar results throughout the temperature range inves-
tigated. Compared to the LPCMO//SLGO films, the
LPCMO//NGO films show rectangular M(H) loops i.e.
their saturation magnetization is comparable to their re-
manence. The sharp change of the magnetic moment at
the coercive field suggests domain wall motion by either
nucleation model or pinning model, and the rectangu-
lar shape of hysteresis loops implies a strongly developed
uniaxial anisotropy in the LPCMO thin films on NGO
substrates, as discussed in subsection D23.
The TC of the LPCMO//NGO film is approximately
130 K (Fig. 3). From 130 K down to 80 K, the observed
coercive fields are less than the field step size. While such
small Hc could be due to small single domain (SD) FMM
regions in a matrix of PMI and/or COI phases, we believe
that the remnant field in the superconducting magnet in
a SQUID magnetometer gives rise to the observed hys-
teresis in this temperature range24. Hence, we assume
that Hc ≈ 0 and that the film is in a super-paramagnetic
state from 130 K down to 80 K. Below 80 K, the Hc first
increases sharply to about 300 Oe at 60 K and then de-
creases gradually to about 190 Oe at 30 K (Fig. 6(a)).
However,Mr increases monotonically as the temperature
is decreased from 80 K to 30 K (inset, Fig. 6(a)). The be-
havior of Hc and Mr as a function of temperature shows
that the FMM regions grow in the same temperature
range in which the coercive field shows non-monotonic
behavior. The growth of the FMM regions with lowering
temperature is supported by magnetic force microscopy,
Lorentz microscopy, transport measurements, and other
magnetic measurements9–11. The non-monotonic behav-
ior of Hc as a function of temperature along with the
monotonic increase ofMr strongly suggests an SD to mul-
tidomain (MD) transition as a function of temperature.
SD FMM regions are nucleated below TC and grow down
to 60 K. Further growth of the FMM regions below 60 K
results in MD behavior and hence, a decrease inHc. Such
magnetic domain transition is typically observed in fer-
romagnetic fine particles as a function of particle size25.
Here we observe an SD to MD transition with decreasing
temperature due to an increase in size of FMM regions
embedded in a non-ferromagnetic AFM-COI/PMI ma-
trix.
Below 30 K down to 5 K, the coercive field increases
again (Fig. 6(a)). To explain this unexpected increase
in Hc, we have to go back to Fig. 3, which shows that
below 30 K LPCMO is in the SPS state2. As a result, the
size and distribution of the ferromagnetic regions remain
constant below 30 K and the increase of coercive field
may be due to the reduction of thermal energy in the
multidomain ferromagnetic regions of constant size. To
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FIG. 5. (Color online) (a) ZFC magnetization hysteresis loop
of the 30-nm-thick LPCMO thin film grown on NGO, at 50 K
with the field applied along [11¯0] direction of the NGO sub-
strate after using direct subtraction (DS). The inset shows
M(H) behavior of the substrate before deposition (circle) and
the film plus substrate after deposition (square). (b) ZFC
magnetization hysteresis loop of the 30-nm-thick LPCMO
thin film grown on NGO, at 50 K with the field applied along
[11¯0] direction of the NGO substrate after using linear back-
ground fitting. The inset shows M(H) behavior of LPCMO
and NGO (square) and the fitted paramagnetic background
(triangle).
confirm this hypothesis we fit the Hc(T ) curve from 5 K
to 30 K to the equationHc(T )/Hc0 = [1−(T/a)
m], where
a is related to the spin flip energy barrier at zero mag-
netic field, Hc0 is the coercive field at 0K, and m is the
exponent of temperature, since it has been observed that
the coercive fields of multidomain nanoparticles show a
T 2/3 dependence26,27. From fitting, it is estimated that
m is 0.68 ± 0.02 (Hc0 ≈ 360 Oe and a = E0/kB ≈ 88 K)
which confirms our hypothesis. The magnetic behavior
of LPCMO in the low temperature region is also differ-
ent from spin glass materials such as the CuMn system,
where displaced hysteresis loops are observed after FC28.
When we measured magnetic hysteresis loops after FC to
10 K in a magnetic field of 10 kOe, we couldn’t observe
any significant difference in the positive and negative co-
ercive fields (data not shown). When FC is carried out
in a field of 10 kOe (which is higher than all the coercive
fields measured at different temperatures), it increases
the FMM phase of the thin film so that the domain tran-
sition sets in at the higher temperature of 70 K (Fig.
6(a)). In the LPCMO//SLGO films, all the magnetic
quantities (Hc,Mr) show gradual increase as the temper-
ature is reduced (Fig. 6(b)). In particular, the magnetic
domain transition observed in LPCMO//NGO films was
not observed in the LPCMO//SLGO films. We thus con-
clude that the domain transition is due to substrate in-
duced anisotropic in-plane stress coupled with phase co-
existence in LPCMO thin films. We now present a de-
tailed description of the magnetic anisotropy in LPCMO
thin films.
D. Strain induced magnetic anisotropy
We measured M(H) curves of the LPCMO//NGO
films along two perpendicular in-plane directions viz.,
[11¯0] and [001] directions of the NGO substrates to check
for possible strain induced magnetic anisotropy. From
Fig. 7(a), it is clear that the [001] NGO direction is
the magnetic hard axis, while the [11¯0] NGO direction
is the magnetic easy axis of the LPCMO//NGO films.
As discussed earlier, when the magnetic field is applied
along the easy axis the films show magnetic hystere-
sis loops below TC . Since we measured approximately
square shaped thin films (6 mm × 6 mm) which are
chemically in a single phase, we could neglect the in-
plane shape anisotropy from the film geometry. Also,
when we measured (La1−yPry)1−xCaxMnO3 (x = 0.33
and y = 0.5) thin films on (110) NGO at 10 K, when it is
in fully ferromagnetic state, we still observed an in-plane
magnetic anisotropy similar to the anisotropy of ferro-
magnetic La0.77Ca0.33MnO3 thin films grown on (001)
NGO2,14. Thus, we could neglect the shape anisotropy
due to elongated or stripe-like FMM regions11,29. Hence,
there are two possible interpretations of this magnetic
anisotropy viz., magnetocrystalline anisotropy or stress
anisotropy23. Murakami et al. suggested that magne-
tocrystalline anisotropy leads to a domain transition in
single crystal (La1−yPry)1−xCaxMnO3
11. Hence, magne-
tocrystalline anisotropy could also be the reason behind
the observed in-plane magnetic anisotropy in our thin
films. However, stress anisotropy could also play a criti-
cal role due to the different in-plane lattice constants of
(110) NGO substrates. Along the [001] NGO direction,
the tensile strain on LPCMO is 0.26% and along the [11¯0]
NGO direction the tensile strain is 0.49% (inset of Fig.
7(a)). The magnetic easy axis was observed to be along
the direction with larger tensile strain i.e. the [11¯0] NGO
direction (Fig. 7(a)). This result is consistent with ex-
periments on La0.67Sr0.33MnO3 thin films grown under
anisotropic tensile stress22. Boschker et al. showed that
the in-plane magnetization is due to the compression of
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FIG. 6. (Color online) (a) Coercive field as a function of tem-
perature (Hc(T )) for a 20-nm-thick LPCMO thin film grown
on NGO from ZFC M(H) curves with H along [11¯0] NGO
using linear background fitting (inverted triangle) and a 30-
nm-thick LPCMO thin film grown on NGO from ZFC M(H)
curves with H along [11¯0] NGO using linear background fit-
ting (square) and direct subtraction (triangle) and 10 kOe FC
M(H) curves with field along [11¯0] NGO using linear back-
ground fitting (circle). The inset shows the remanence as a
function of temperature (Mr(T)) for the 30-nm-thick LPCMO
thin film grown on NGO from ZFCM(H) curves withH along
[11¯0] NGO using linear background fitting. (b) Hc(T ) for a
30-nm-thick LPCMO film grown on SLGO from ZFC M(H)
curves with H applied along two orthogonal in-plane direc-
tions. The inset shows Mr(T) for the 30-nm-thick LPCMO
thin film grown on SLGO from ZFC M(H) curves with H
applied along two orthogonal in-plane directions.
the MnO6 octahedra in the out-of-plane direction caused
by tensile strain and the uniaxial anisotropy is due to
difference in in-plane tensile strains causing further dis-
tortion of the octahedra22. Through this mechanism it
is possible that if a substrate has different in-plane lat-
tice constants, the magnetic easy axis will be along the
direction with higher tensile strain. To distinguish be-
tween these two possible origins of magnetic anisotropy,
we measured the magnetic anisotropy of LPCMO thin
films grown on SLGO substrates which exert negligible
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FIG. 7. (Color online) (a)Magnetic moment (film plus sub-
strate) as a function of field (M(H)) of the 30-nm-thick
LPCMO thin film grown on NGO with H along hard axis (cir-
cle) and easy axis (square) at 60 K. The inset shows atomic
structure of NGO (d11¯0 = 3.863 A˚ and d001 = 3.854 A˚).
(b) ρ(T ) measured along the hard axis (circle) and easy axis
(square).
stress on LPCMO and there is no in-plane anisotropic
stress. From Fig. 4 and Fig. 6(b) it is clear that the
magnetic hysteresis loops, M(T ), Hc(T ), and Mr(T ) of
the 30 nm-thick LPCMO//SLGO thin film are almost
identical for applied fields along the [100] and [010] di-
rections of the SLGO substrates, at all temperatures. So
our observation is that the LPCMO//SLGO film has neg-
ligible in-plane magnetic anisotropy, while there is clear
magnetic anisotropy in the LPCMO//NGO films. Hence,
the main reason for magnetic anisotropy in the LPCMO
thin films is the anisotropic stress exerted by the sub-
strate.
While we observed clear in-plane strain induced mag-
netic anisotropy, we did not observe any significant in-
plane anisotropy in the transport properties (Fig. 7(b))
(we did observe a lower resistivity at low temperatures
along the magnetic hard axis but that was due to a higher
electric field in that direction since the distance between
the voltage leads was shorter along the [001] direction2).
7In fact, in a linear scale (inset of Fig. 7(b)) the ρ(T )
behavior appears identical in the two in-plane directions.
The TIM is 60 K in both directions and at that tempera-
ture the resistivity anisotropy (
∣
∣
∣
ρNGO[001]−ρNGO[11¯0]
ρNGO[11¯0]
∣
∣
∣×100)
is ≈ 15%. Thus, we believe that anisotropic in-plane
properties due to substrate induced strain can be clearly
observed in magnetic measurements, but not in transport
measurements. Our observation is in contrast to Ward et
al. who suggested that the difference in TIM and max-
imum ρ observed along two perpendicular in-plane di-
rections of LPCMO thin films grown on NGO substrates
was due to anisotropic strain and was maximized as mag-
netic field was lowered13. Such a strain induced resistiv-
ity anisotropy has also been predicted theoretically30. It
is possible that such resistivity anisotropy can only be
clearly observed when the resisitivity measurements are
taken at the scale of phase separation i.e. in the microm-
eter scale, and requires further investigation.
Next, we ramped the magnetic field up to 12 kOe
on the LPCMO//NGO films along the [001] NGO di-
rection i.e. the hard axis. The removal of the back-
ground signal was more difficult due to the lack of hys-
teresis in the M(H) curves. The linear background fit-
ting method was carried out for field values above 5 kOe,
since the magnetic moment saturates at a higher field
along the hard axis as shown in Fig. 8. Saturation
magnetization values along the hard axis direction were
slightly lower than those along the easy axis at all the
measurement temperatures (inset of Fig. 8(a)). Since
the LPCMO//NGO films show strong in-plane uniax-
ial anisotropy, we could estimate the uniaxial anisotropic
constant (Ku) as a function of temperature in the 20
nm-thick and the 30 nm-thick LPCMO films using satu-
ration magnetization (Ms) values, anisotropic fields (Ha)
and the relation Ku = MsHa/2 (inset of Fig. 8(b))
23.
As expected, the thinner film shows higher Ku values
due to larger substrate induced strain effects. These
values are comparable to that of La0.7Ca0.3MnO3 thin
films on NGO substrates (3.6×105 erg/cm3 at 77 K) and
higher than that of a La0.7Sr0.3MnO3 thin film on SrTiO3
(8.4×104 erg/cm3 at room temperature) 14,31. As the
temperature was reduced, a gradual monotonic increase
of the uniaxial anisotropic constants, saturation magne-
tization values, and anisotropic fields was observed un-
like the non-monotonic behavior of the coercive fields due
to the magnetic domain transition. Using the uniaxial
anisotropic constant at 60 K and exchange stiffness value
(A) from Lorentz microscopy, we calculated the critical
diameter for domain transition assuming a spherical do-
main11,32. We obtain a value of 85 nm for the critical
radius (rc).
When the anisotropic fields and coercive fields are com-
pared, differences not only in trends from temperature
variation but also in the magnitudes can be easily iden-
tified (Fig. 8(b)). The anisotropic fields are larger by an
order of magnitude or more than the coercive fields along
the easy axis. This difference in magnitude implies that
Stoner & Wohlfarth’s magnetic reversal mechanism may
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FIG. 8. (Color online) (a) M(H) curves of the 30-nm-thick
LPCMO thin film grown on NGO with H along [001] NGO
obtained using linear background fitting. The inset shows
saturation magnetization (Ms) as a function of temperature
for the easy axis (circle) and hard axis (square) directions.
(b) Anisotropic field (Ha) (square) and coercive fields (Hc)
(circle) as a function of temperature. The inset shows uni-
axial anisotropic constants (Ku) of the 20-nm-thick (unfilled
diamond) and the 30-nm-thick (filled diamond) thin films as
a function of temperature.
not be valid33,34. There are two main mechanisms for
magnetic switching behavior viz., Stoner & Wohlfarth’s
coherent rotation model and a nucleation & propagation
mechanism 23. A direct way to check which model is ap-
plicable in our case is a measurement of coercive fields as
a function of the angle between the magnetic easy axis
of sample and external magnetic fields, since each model
predicts a specific behavior. The nucleation & propaga-
tion mechanism leads to the Kondorsky law, (Hc(θ) =
Hc(0)/cos(θ))
33,35,36. We set [11¯0] NGO (easy axis) as θ
= 0◦ and [001] NGO (hard axis) as θ = 90◦. M(H) curves
were taken at two intermediate angles, θ = 32◦± 2◦ and
θ = 62◦±2◦. Fig. 9(a) shows coercive fields as a function
of temperature for three different angles. It is clear that
the coercive field increases with the angle θ between the
easy axis and the applied magnetic field. When the in-
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FIG. 9. (Color online) (a) Hc(T ) behavior of the 30 nm-
thick LPCMO film grown on NGO for three different values
of θ, where θ is the angle between the applied field H and
the easy axis. (b) H−1c as a function of cos(θ) at different
temperatures. The inset shows standard error of the slope of
the H−1c vs. cos(θ) graph at each temperature
verse of coercive fields is plotted as a function of cos(θ),
the Kondorsky law is obeyed between 10 K and 60 K
(Fig. 9(b)). This behavior is also observed in other man-
ganite systems grown on artificially miscut substrates37.
At the higher temperatures of 70 K and 80K (data not
shown for 80 K), the Kondorsky law is not obeyed (in-
set of Fig. 9(b)). We believe that this deviation from
Kondorsky law may be due to the spatial motion of the
FMM, AFM-COI, and PMI phases in the FPS state and
possible contribution of other reversal mechanisms2.
IV. CONCLUSIONS
In-plane anisotropic stress leads to uniaxial magnetic
anisotropy in manganite thin films. We have shown that
when such magnetic anisotropy is induced in phase sep-
arated manganites it leads to a single domain to mul-
tidomain transition as a function of temperature. The
domain transition is similar to that observed in ferro-
magnetic fine particles as a function of particle size. In
phase separated manganites the size of the ferromag-
netic metallic regions embedded in a non-ferromagnetic
(charge-ordered antiferromagnetic or paramagnetic) ma-
trix increases as the temperature is decreased. Due to the
stress induced uniaxial magnetic anisotropy the increase
in size of the ferromagnetic regions results in the temper-
ature dependent domain transition. The unique variation
of the coercive field with temperature is a signature of the
domain transition. The temperature dependence of the
coercive field is a feature which could make it possible
to use manganites as cryogenic magnetic memory, since
magnetic information can be written at a temperature
with low coercive field and stored at a lower temperature
with higher coercive field.
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